Summary.
Structural changes in cumulus-oocyte complexes and granulosa cells were induced by administering pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG) to female mice. Three and 9 h after hCG administration, dissolution of the germinal vesicle (GVBD) and progression to the second metaphase occurred respectively in oocytes. The number of cumulus cells associated with the granulosa cell layer decreased significantly 1 h after hCG administration.
Expansion of cumulus cell investment was due to the abundant deposition of intercellular materials in the cumulus-oocyte complexes during oocyte maturation. A strongly negative-charged (colloidal iron-positive) substance was detected in the intercellular spaces of follicular tissue, especially in the cumulus mass. Moreover, cells located where the cumulus mass and granulosa cell layer intertwined became enlarged during the resumption of the meiosis of oocytes. Colloidal iron-positive substances accumulated extensively within the intercellular spaces of the enlarged cells.
In mammals, oogonia enter the prophase of the first meiotic division while developing in the fetal ovary (FRANCHI et al., 1962) . Shortly after birth, all oocytes are arrested in the dictyate stage of late prophase (BIGGERS, 1973) . The resumption of meiotic division (germinal vesicle breakdown; GVBD) occurs in the sexually mature female when hormonal stimulus causes the dictyate chromosomes to condense and proceed through the first meiotic cycle with extrusion of the first polar body, arresting at metaphase of the second meiotic division (metaphase II) (TSAFRIRI, 1978) . This nuclear progression from dictyate to metaphase II is designated as oocyte maturation and occurs in the oocyte while it remains within the follicle (TSAFRIRI, 1978) .
Follicle-enclosed oocytes remain in the dictyate stage when cultured in vitro, whereas isolated oocytes separated from follicles will resume meiotic maturation spontaneously when cultured in a hormone-free medium (SATO et al., 1982) . This observation has led to the hypothesis that follicles contain an inhibitor of oocyte maturation. This contension is supported by studies showing that extracts of follicular fluid and granulosa cells block the resumption of meiosis of isolated cumulus-enclosed oocytes and that maturation beyond the dictyate stage is prevented when the oocyte is placed in contact with the granulosa cell layer (DowNS et al., 1985; SATO et al., 1986) .
In the Graafian follicles, following the preovulatory surge of gonadotropin, there is an expansion of the cumulus complex owing to the production of glycosaminoglycans (GAGS) by the follicular tissue (EPPIG, 1980; BALL et al., 1982) . The resumption of meiosis of the oocytes surrounded by expanded cumulus masses is not prevented even when the oocytes are in contact with the granulosa cell layer (SATO et al., 1982) . These observations indicate that the GAGS formed within the follicles may be involved in the resumption of the meiosis of oocytes.
The purpose of the present study was to reveal chronological changes of mouse cumulus-oocyte complexes and the distribution of GAGS in follicular tissue after the administration of pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG). In the course of our investigation, we observed that strongly negative-charged (colloidal iron-positive) substances accumulated in a specific region of follicular tissue evincing striking morphological changes. Evidence is presented showing that a colloidal ironpositive substance accumulates extensively in the intercellular spaces of cells located at the site of the intertwining cumulus mass and granulosa cell layer prior to the resumption of meiosis.
MATERIALS AND METHODS

Animals
ICR mice 25-27 days of age were maintained at 22-24°C in a 13 :11 L : D photoperiod; the middle of the dark period was set at midnight. The animals were injected intraperitoneally with 2.5 i.u. of PMSG (Sigma, St. Louis, Mo. U. S. A.) followed with an intraperitoneal injection of 2.5 i.u. hCG (Sigma, St. Louis, Mo., U. S. A.) 48 h after the first injection. Ovaries were removed 48 h after PMSG injection and at varying times after the injection of hCG.
Light microscopy
The ovaries were fixed in Bouin's solution for 24 h, dehydrated in a graded series of ethanol, embedded in paraffin, and sectioned serially at 4 jcm on a horizontal plane. Serial sections were deparafiinized, stained with hematoxylin-eosin or colloidal iron (MOwRY, 1985; MURAKAMI et al., 1986; OHTSUKA and MURA-KAMI,1986 ) and examined under a microscope for the nuclear stages of meiosis and cumulus-oocyte complexes in the Graafian follicles. For colloidal iron staining, the pH value of the staining solution was adjusted to L8. Resumption of meiosis was signified by the absence of germinal vesicle (GV) in the individual oocyte.
Morphometry of cumulus and granulosa cell layer
A total of 100 Graafian follicles larger than 0.4 x 0.3 mm in diameter in the ovaries of each animal was examined by light microscopy. Sections were selected that included an oocyte containing a GV or chromosomes at meiotic maturation in typical mature Graafian follicles as shown in Figure 1 . The total number of cumulus cells associating with the granulosa cell layer at the line between the arrows ( Fig. 1 ) was determined for each follicle.
Electron microscopy
Specimens of ovaries were fixed in 2.5% glutaraldehyde, 0.1 M phosphate buffer (pH 7.5) for 2 h at 4t. The follicles were carefully dissected free. After the initial fixation, the specimens were postfixed in 2% osmium tetroxide, 0.1 M phosphate buffer (pH 7.5) for 2 h, and subsequently rinsed in the same buffer. They were dehydrated in a graded series of ethanol, and embedded in Luveak 812 (Nacalai Tesque Co., Japan). Ultrathin sections were cut with a Sorvall PorterBlum MT-1 ultramicrotome, mounted on copper grids, stained with uranyl acetate and lead citrate and examined with a Hitachi H-300 transmission electron microscope at 75 kV. Table 1 . Germinal vesicle breakdown and polar body formation in mouse oocytes in the Graafian follicles after PMSG and hCG administration Graafian follicles larger than 0.4 mm (long diameter) x 0.3 mm (short diameter) were examined. GVBD: germinal vesicle breakdown, PB : polar body. Table 2 . Number of cumulus cells associating with the granulosa cell layer in the Graafian follicles after PMSG and hCG administration Graafian follicles larger than 0.4 mm (long diameter) x 0.3 mm (short diameter) were exanimed. Values are mean+ S. D. (n =100). The number of cells at the line indicated by the arrows (Fig. 1) was counted for each follicle. *p<0.05, **P<0.01. 
RESULTS
Time course of the meiotic maturation of oocytes in Graafian follicles
The time course of the meiotic progression of oocytes is shown in Table 1 . All oocytes in normal Graafian follicles contained an intact GV for 2 h after hCG injection. The.GV underwent dissolution 3 h after hCG stimulation. Nine h after hCG injection, about 20% of oocytes progressed to the second metaphase. A majority of the oocytes extruded the first polar body 11 h after hCG stimulation.
Morphological
changes in cumulus-oocyte complexes during oocyte maturation The cumulus-oocyte complexes and granulosa cells of the mouse ovaries after administration of PMSG and hCG are shown in Figure 1 . A dense cumulus cell mass and oocyte with an intact GV were found in the follicles in ovaries isolated 48 h after PMSG injection (0 h after hCG injection) (Fig. la) . The cumulusoocyte complex became prominent after hCG administration and the number of cumulus cells associated with the granulosa cell layer decreased significantly 1 h after hCG injection ( Fig. lb and Table 2 ). Expansion of the cumulus cell investment was observed in the complexes in the Graafian follicles with maturing oocytes 3 h after hCG injection (Fig. lc) . Subsequently, the cumulus became less compact.
Ultrastructure of cumulus-oocyte complexes and granulosa cells during oocyte maturation
The majority of the cumulus cells associated with oocytes were round in shape, loosely arranged, and possessed prominent round or oval nuclei in those cumulus-oocyte complexes obtained from mice just after hCG stimulation (Fig. 2a) . Three h after hCG administration, the cumulus cell became dispersed as the result of the deposition of intercellular materials (Fig. 2c) . Contacts between cumulus cells were reduced. The cumulus cells became dispersed due to extensive deposition of materials in the intercellular spaces (Fig. 2c) . The dispersion of cells occurred during meiotic maturation not only in the cumulusoocyte complexes but also in the granulosa cell layer (Fig. 2b, d) . However, the degree of dispersion was greater in the cumulus mass than in the granulosa cell layer. 
Colloidal iron staining of follicular components
The cumulus-oocyte complexes and granulosa cells of the mouse ovaries after staining with colloidal irons are shown in Figure 3 . Materials which were deposited in the intercellular space of cumulus cells in Graafian follicles in ovaries obtained from mice 48 h after PMSG injection were stained with colloidal iron (Fig. 3a) . One h after hCG administration, colloidal iron-positive materials were clearly visible at the peripheral area of the cumulus cell mass (Fig. 3b) . After 3 h of hCG administration, a partial expansion of the cumulus cell investment and granulosa cell layer was observed in the complexes, especially those with GVBD-induced oocytes. Furthermore, the cells located at the connection site of the cumulus-oocyte complex and granulosa cell layer became enlarged, and colloidal iron-positive substances occupied the intercellular spaces between these enlarged cells and at the inner part of the cumulus mass (Fig. 3c, d ).
DISCUSSION
Mouse oocytes liberated from follicles and cultured in a medium underwent spontaneous resumption of meiosis to complete the first maturation division. Examination of whole mount preparations revealed that 90-95% of free oocytes underwent GVBD within 2 h of incubation in modified Krebs Ringer bicarbonate solution (DONAHUE, 1968 ; SATO and KOIDE,1984) . Histological examination of ovaries in mice injected with PMSG and hCG revealed that GVBD was induced over 3 h after hCG administration.
There is a time lag in the induction of GVBD in oocytes between in vivo and in vitro conditions, its cause being unknown. The cumulus-oocyte complex containing matured oocytes consists of dispersed cumulus cells. These findings suggest that the resumption of meiosis and the dispersion of the cumulus cell mass are interrelated during the maturation process in the mouse.
Resumption of meiosis of cumulus-enclosed oocytes can be prevented by their being associated with the granulosa cell layer (SATO et al., 1982) . The meiosisarresting activity of the granulosa cells is demonstrable only when they adhere to the cumulus-oocyte complex (SATO et al., 1982) . Based on these studies, a substance with meiosis-arresting activity from the intercellular matrix and the external surfaces of granulosa cells has been isolated (SATO and KOIDE, 1987) and designated as the granulosa cell factor (GCF). Moreover, we have demonstrated that GAGs interact with GCF and nullify its meiosis-arresting activity (SATO and KOIDE, 1987) . As shown in this paper, GAGs were detected extensively within the intercellular spaces of the cells between the cumulus mass and granulosa cell layer prior to the resumption of the meiosis of oocytes. These observations suggest that GAGS accumulated between the cumulus mass and granulosa cell layer interrupt the flow of GCF from granulosa cells to the oocyte, protect them from the arresting influence of GCF, and induce the resumption of meiosis of oocytes.
Ferric chloride, when boiled with hydrazine hydrate and cacodylic acid, is converted into a fine cationic iron colloid (colloidal iron) which consists of 0.5-1.5 nm electron-dense granules and gives a distinct Prussian blue reaction (MURAKAMI et al., 1986) . Moreover, MURAKAMI et al. (1986) demonstrated that colloidal iron reacted with the strongly anionic particle IR-120 (IR-S03 j at a pH range of 0.8-7.6 and with the carboxyl particle CG-50 (IR-COO-) at a pH range of 4.0-7.6. Neither the reaction nor affinity of the colloidal iron with the cationic particle RA-400 (IR-NH3+) was observed at the pH range of 0.8-7.6. They also demonstrated that colloidal irons are more stable, and that a greater staining of tissues-especially at a low pH level-and strongly negative-charged substances including sulfate groups are detected at pH less than 4.0 (MURAKAMI et al., 1986; OHTSUKA and MURAKAMI, 1986) . The pH value of the staining solution was then adjusted to 1.8 in this study. We have demonstrated that colloidal iron-positive materials are found extensively at the intercellular space of the cumulus mass, especially at the site of the intertwining of the cumulus oophorus and granulosa cell layer.
Chondroitin is the major GAG associated with proteoglycans isolated from the follicular fluid (YANAGISHITA et al., 1979; GRIMEK and Ax, 1982; GRIMEK et al., 1984) or secreted by rat granulosa cells in vitro (YANAGISHITA and HASCALL, 1979, 1983; YANAGISHITA et al., 1981) . Heparan sulfate was also identified in the follicular fluid (GRIMEK and Ax, 1982) . Hyaluronic acid is the GAG which is produced during mucification accompanying the expansion of the cumuli in the mouse (EPPIG, 1979; CHEN et al., 1993) . These findings suggest that colloidal iron-positive materials in mouse ovarian follicles may be chondroitin, heparan sulfate and hyaluronic acid. Molecular species of the GAGs occurring at the specific region of the follicles remained to be identified.
Under the in vitro culture condition, follicle-stimulating hormone (FSH) induces deposition of GAGs between the cumulus cells. The ability of FSH to induce cumulus expansion in vitro is dependent upon the addition of fetal bovine serum (FBS) to the culture medium (EPPIG, 1980 thesis of GAGS in oocyte-cumulus cell complexes in the presence or absence of FBS. In the presence of FBS, GAGS are retained within the complexes, whereas in the absence of FBS they are released into the culture medium. Containment of GAGS within the complex corresponds to cumulus expansion or mucification. The active factor in FBS, which promotes cumulus expansion by inducing retention of the GAGS within the complex (EPPIG, 1980) , has been found to be a protein with a molecular weight exceeding 10 kD. Follicular fluid from preovulatory follicles contains components similar to that of FBS (EDWARDS, 1974) and potentiates the action of FSH in promoting cumulus mucification. A number of proteins that have the ability to bind preferentially to GAGS have been isolated from the extracellular compartment (TURLEY, 1982) . The Mrs of hyaluronate-binding protein, isolated from the supernatant media of cultured chick heart fibroblasts, ranged from 56 to 74 kD (TURLEY, 1982) . Based on these findings, it was hypothesized that the active f actor(s) in follicular fluid is a core component of the extracellular matrix of cumulus cells which binds GAGS to form the mucified matrix. GAGS isolated from ovarian follicles have been shown to interact with components of the extracellular matrix, fibronectin and laminin, and with low-density lipoprotein (TURLEY, 1982; VANDERBOON et al., 1989) . These findings indicate that GAG-binding proteins accumulate initially in the spaces between cells of the cumulus oophorus and granulosa cell layer, followed by the accumulation of GAGs.
